Heterogeneity in environmental conditions helps to maintain genetic and phenotypic diversity in ecosystems. As such, it may explain why the capacity of animals to mount immune responses is highly variable. The quality of habitat patches, in terms of resources, parasitism, predation and habitat fragmentation may, for example, trigger trade-offs ultimately affecting the investment of individuals in various immunological pathways. We described spatial immunoheterogeneity in bank vole populations with respect to landscape features and co-infection. We focused on the consequences of this heterogeneity for the risk of Puumala hantavirus (PUUV) infection. We assessed the expression of the Tnf-a and Mx2 genes and demonstrated a negative correlation between PUUV load and the expression of these immune genes in bank voles. Habitat heterogeneity was partly associated with differences in the expression of these genes. Levels of Mx2 were lower in large forests than in fragmented forests, possibly due to differences in parasite communities. We previously highlighted the positive association between infection with Heligmosomum mixtum and infection with PUUV. We found that Tnf-a was more strongly expressed in voles infected with PUUV than in uninfected voles or in voles co-infected with the nematode H. mixtum and PUUV. H. mixtum may limit the capacity of the vole to develop proinflammatory responses. This effect may increase the risk of PUUV infection and replication in host cells. Overall, our results suggest that close interactions between landscape features, co-infection and immune gene expression may shape PUUV epidemiology.
INTRODUCTION
The ability to mount immune responses varies strongly between individuals in natural populations. Understanding the maintenance of this variation, despite its apparent disadvantage in terms of host fitness, has been at the core of immunoecology for three decades (Sheldon and Verhulst, 1996; Lazzaro and Little, 2009) . It is now widely recognized that immunoheterogeneity results from an interplay between evolutionary and proximate causes, including host-parasite coevolution (Woolhouse et al., 2002) , life history (Schmid-Hempel, 2003) , immunological and physiological tradeoffs (Schmid-Hempel, 2003; Cotter et al., 2004) or phenotypic plasticity (Bocher et al., 2007) .
Landscape, which may be defined as an area of land containing a mosaic of habitat patches, has been identified as a potentially key factor shaping spatial immunoheterogeneity. Habitat patches vary in quality, in terms of resources, intensities of predation, parasitism and competition, and microclimate conditions. All these features may affect the outcomes of trade-offs, through plastic responses or natural selection (for a review, see Schulenburg et al., 2009) .
Multiparasitism may modulate the extent to which the organism invests in immunity as opposed to other life history traits (for example, Bordes and Morand, 2009 ) and the outcomes of immunological trade-offs (Cox, 2001; Graham et al., 2007) . In vertebrates, the most heated debates have concerned the T helper-1 immune pathway, which is involved principally in the response to intracellular infections (for example, with viruses), and the T helper-2 immune pathway, which regulates infections with extracellular parasites, such as helminths (for a review, see Kidd, 2003) . Several studies have provided evidence that helminth infections modulate the T helper-1/T helper-2 balance, thereby increasing susceptibility to viral (see reviews Kamal and El Sayed Khalifa, 2006; Graham, 2008) , bacterial (Pathak et al., 2012) or malarial (Knowles, 2011) infections. The landscape features may affect these patterns of multiparasitism by influencing the composition, diversity and structure of pathogen communities (for example, for helminths or microbial communities Koopman and Carstens, 2011; Ribas Salvador et al., 2011) .
The spatial arrangement of habitat patches, their fragmentation and connectivity have been shown to have a large effect on the size and migration rate of populations living in these environments. Habitat fragmentation and connectivity determine the relative influence of drift and gene flow, potentially modifying the levels and distribution of host and parasite genetic variability. Low levels of genetic diversity may be observed in small, isolated host populations, ultimately leading to inbreeding depression and a lower capacity to mount immune responses (Rantala et al., 2011) or higher susceptibility to parasitism (Whitehorn et al., 2011) . The spatial arrangement of habitat patches and heterogeneity in abiotic/biotic factors, by influencing host metapopulation dynamics and the outcomes of host-parasite interactions, thus appear to be key determinants of immune gene variability.
In this study, we investigated the influence of landscape features and co-infection on the spatial immunoheterogeneity of wild bank vole populations (Myodes glareolus). We analyzed the contribution of these parameters to the variability in immune gene expression. We then investigated whether these parameters also affected the epidemiology of a virus carried specifically by the bank vole, Puumala hantavirus (PUUV, family Bunyaviridae genus Hantavirus), which causes nephropathia epidemica, a mild form of hemorrhagic fever with a renal syndrome, in humans.
We addressed these questions by studying bank vole populations sampled in the French Ardennes, a region in which nephropathia epidemica is endemic (Vapalahti et al., 2003) . This region is characterized by patches of continuous forests and fragmented habitats of varying qualities (see details in Heyman et al., 2009) . The metapopulation dynamics of bank voles settled in this heterogeneous landscape and its potential impact on PUUV epidemiology has previously been described . Bank vole populations established in large forests exhibit large effective size, experience important gene flow and are weakly subject to genetic drift . This dynamics seems to facilitate the maintenance and spread of PUUV in this landscape, as shown by the higher prevalence levels observed in this habitat. By contrast, vole populations settled in fragmented wooded areas, including hedge networks, are of smaller effective size and are more strongly affected by stochastic processes such as extinction and recolonization. This dynamics is one of the potential factors that prevent the persistence of PUUV in these populations . We have also shown that some landscape features affect the gastrointestinal helminth communities of these bank vole populations (Ribas . In particular, we have highlighted the higher prevalence of PUUV and of concomitant infections with PUUV and the nematode Heligmosomum mixtum in the northern part of this region (the 'massif des Ardennes'). We therefore hypothesized that landscape features might drive spatial immunoheterogeneity through virus/ helminth co-infections and metapopulation dynamics.
Our ultimate aim was to explore the potential links between immune variation and PUUV epidemiology. We therefore evaluated immunoheterogeneity by focusing on the expression of genes encoding molecules involved in the response to PUUV infection. M. glareolus is the main specific reservoir of PUUV in the wild. Transmission between bank voles is exclusively horizontal and is mediated by the inhalation of infected aerosols or aggressive behavior (see a review in Schonrich et al., 2008) . Infection with this virus is considered to be chronic (Meyer and Schmaljohn, 2000) . Voles experience a transient period of viremia, beginning a few days after infection and peaking 2-4 weeks post-infection (Hardestam et al., 2008) , although viral RNA has been detecting 84 days post-infection in some experimentally infected bank voles. Periodic episodes of viral recrudescence may occur during the lifetime of the vole, because of changes in the virus and/or host immune response (Hardestam et al., 2008) . Besides, anti-hantavirus immunoglobulin G are usually detectable 2 weeks after infection and seems to remain detectable for the lifetime of the rodents (see references in Easterbrook and Klein, 2008) .
PUUV infection in M. glareolus has been described as asymptomatic (Yanagihara et al., 1985) , but a small impact on fitness has been reported (Tersago et al., 2012) . Field surveys and laboratory experiments have indicated that the probability of infection with PUUV differs between individual bank voles, which also differ in their response to PUUV infection (Olsson et al., 2002; Hardestam et al., 2008; Deter et al., 2008b; Guivier et al., 2010a) . Polymorphism and variability in the expression of immune genes may determine the ability of the vole to control hantavirus replication (Plyusnin et al., 1997; Makela et al., 2002; Klein et al., 2004; Terajima et al., 2004) .
We focused on the proinflammatory cytokine tumor necrosis factor-a (TNF-a) and the antiviral protein Mx2. These molecules limit PUUV replication in humans and in cell cultures (Kanerva et al., 1996; Temonen et al., 1996; Jin et al., 2001) . The overproduction of these molecules also leads to pathological symptoms (Li and Youssoufian, 1997; Wenzel et al., 2005; Porter et al., 2006; Bradley, 2008) . We analyzed the variability of Tnf-a and Mx2 gene expression between individuals, populations and habitat patches. We first investigated the constitutive (non-induced) effects of Tnf-a and Mx2 gene expression levels on PUUV viral load. Negative impacts would confirm the implication of these immune genes in the inhibition of PUUV replication. We then investigated the effects of habitat heterogeneity on the levels of expression of the Tnf-a and Mx2 genes. We hypothesized that these genes would be more weakly expressed in hedges, which are considered to be lower quality habitats, in which less costly immune responses might be favored. Finally, we investigated whether H. mixtum infection was an important additional source of immunoheterogeneity in bank voles and we analyzed its potential interaction with the risk of PUUV infection.
MATERIALS AND METHODS

Vole sampling and parasitological screening
Bank voles were trapped in the French Ardennes from the 1st of September to the 7th of October 2008, along a transect of about 80 km corresponding to a gradient of nephropathia epidemica cases. Along this transect, we sampled six sites in forested areas (three in the northern 'massif des Ardennes' and three in the southern 'crêtes ardennaises') and four sites in fragmented habitats (hedge networks). Trapping results are detailed in Supplementary Table S1 . Animals were killed by cervical dislocation, as recommended by Mills et al. (1995) . They were weighed, sexed and dissected. Sexual maturity was assessed on the basis of testis length (mature46 mm) and uterus size (mature41 mm). The spleen and lungs were immediately placed in RNA Later (Sigma-Aldrich, St Louis, MO, USA) and stored at -20 1C for genetic analyses. Blood samples were collected from the heart onto a 1 cm 2 Whatman blotting paper. We checked for PUUV immunoglobulin G antibodies in an indirect fluorescent antibody test (Kallio-Kokko et al., 2006) . PUUV load was measured in the lungs of PUUV-seropositive voles, by realtime quantitative reverse transcriptase-PCR (primers: forward 5 0 -GAGGATA-TAACCCGCCATGA-3 0 ; reverse 5 0 -CTGGCTTGCAGTGTGTTTTT-3 0 ) using a DyNAmo Capillary SYBR Green Quantitative PCR kit (Finnzymes, Vantaa, Finland) with a LightCycler instrument (Roche Diagnostics, Basel, Switzerland). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene to normalize samples against variation in vole lung sample quality and quantity (primers: forward 5 0 -ATGGGGAAGGTGAAGGTCG-3 0 and reverse 5 0 -TAAAAGCAGCCCTGGTGACC-3 0 ). An absolute quantification of PUUV copy numbers (copies per 1 mg of total RNA) was calculated from a standard curve created using 10-fold dilutions of in vitro transcribed PUUV S segment RNA (T7 transcription kit, Fermentas, Vilnius, Lithuania). Samples were considered PUUV RNA positive when the cycle threshold value was lower than 40 cycles (for more details, see Ribas Salvador et al., 2011) .
Finally, we screened for the presence of the nematode H. mixtum in the gut of each individual by examination under a microscope. These data have been reported elsewhere .
Quantification of Tnf-a and Mx2 gene expression
For practical reasons, we quantified Tnf-a and Mx2 gene expression in a subset of 189 bank voles among the 308 trapped in the 10 sites sampled (seeSupplementary Table S1 ). This subsample included 33 PUUV-seropositive individuals. A subset of PUUV-seronegative individuals were next selected to Landscape immunogenetics of bank voles E Guivier et al reach about 20 voles per site of sampling (Boult-aux-bois and Briquenay with 11 and 9 voles, respectively, are only 3 km apart), with an equal sex ratio, so that we have a representative subsample of each site.
Total RNA was extracted from the spleen of bank voles by the TRIzol/ chloroform protocol recommended by the manufacturer (Invitrogen, Carlsbad, CA, USA). We chose to extract RNA from the spleen because this organ has important immune functions (it is a secondary lymphoid organ) and is the site of low levels of PUUV replication (Korva et al., 2009) . Moreover, experimental studies that have followed the kinetics of immune gene expression in rodent hosts infected by hantaviruses all showed that the expression of Tnf-a gene remained unchanged in the spleen of infected rodents from the time of infection to 40 days post-infection or compared with uninfected ones (Easterbrook and Klein, 2008; Schountz et al., 2012; Spengler et al., 2013) . Spleens therefore reflect the constitutive levels of Tnf-a and Mx2 expression, not influenced by PUUV infection but potentially modulated by other infections that should mainly be randomly distributed between PUUV-infected and PUUV-non-infected voles.
We used b-actin as the endogenous reference gene, as previously validated by Friberg et al. (2011) in wood mice. These authors tested a set of nine candidate housekeeping genes in cell cultures and concluded that b-actin was the most stable. We analyzed Tnf-a gene expression by reverse transcriptase-PCR with the specific primers described in a previous study (Guivier et al., 2010b) : Tnf-a-ex1-F (5 0 -TTCTGTCTGCTGAACTTCGGA-3 0 ) binding to exon 1, Tnf-a-ex3-4-R (5 0 -GGGTTTGCTACAACGTGG-3 0 ) binding to exons 3 and 4; Actinb-ex3-F (5 0 -CTTCTACAACGAGCTGCG-3 0 ) binding to exon 3 and Actinb-ex4-R (5 0 -CCGGAGTCCATCACAAT-3 0 ) binding to exon 4. We designed bank vole-specific Mx2 primers. The universal primers MxUniv2-F (5 0 -CATTGACCTCATCGACTCCCTGCG-3 0 ) and MxUniv2-R (5 0 -GCCAGCT TAACCAGGGAATTTGG-3 0 ) were initially chosen, based on the available fulllength complementary DNA (cDNA) sequences for Rattus norvegicus (Transcript ID: ENSRNOT00000002695) and Mus musculus (Transcript ID: ENSMUST00000024112) in Ensembl. RNA samples from two bank voles were used as templates for cDNA synthesis. We generated cDNA from 2 ml of extracted RNA (500 ng per reaction), in a 20 ml reaction, with the Improm-II Reverse Transcription System (Promega, Madison, WI, USA), according to the conditions specified by the manufacturer for oligo (dT)15 primers. PCR was performed on an EPgradient S MasterCycler (Qiagen, Venlo, Netherlands), in a final volume of 25 ml containing 1 Â Qiagen Multiplex PCR Kit, 0.2 mM of each primer and 2 ml of template cDNA diluted 1:5. Cycling conditions were as follows: initial denaturation at 95 1C for 15 min followed by 40 cycles of denaturation at 94 1C for 30 s, annealing at 50 1C for 30 s and elongation at 72 1C for 60 s and a final extension phase at 72 1C for 10 min. Sequences for both strands were obtained for each sample (Eurofins MWG Synthesis GmbH, Ebersberg, Germany) with the MxUniv2-F and MxUniv2-R primers. Based on the cDNA consensus sequences obtained for these two M. glareolus samples (GenBank AN: JX183218), we designed the following specific primers: Mx2q2-F (5 0 -TCAGAGAGAAGGAAGCCGA-3 0 ) and Mx2q2-R (5 0 -GAGATGCGGTTG TGAGC-3 0 ), binding to exons 13 and 14, respectively, (amplicon size 142 bp). Real-time PCR quantification was performed on a LightCycler 480 (Roche Diagnostics), using the 384-multiwell plate format to quantify Tnf-a and Mx2 gene expression in our samples. For each vole and gene, three replicates were carried out. Details of the PCR conditions and of the method used to estimate the amounts of Tnf-a and Mx2 RNA are provided elsewhere (Guivier et al., 2010b) .
Statistical methods
TNF-a and Mx2 are well known to inhibit hantavirus replication in humans or cell lines exogenously stimulated with hantaviruses (Kanerva et al., 1996; Jin et al., 2001) . We thus examined whether we could detect an effect of Tnf-a and Mx2 constitutive gene expression (these genes do not seem to be upregulated in rodent spleen following hantavirus infection; Easterbrook and Klein, 2008; Schountz et al., 2012; Spengler et al., 2013) on PUUV replication in wild bank voles. We considered the data set including infected bank voles only (N ¼ 33). We analyzed independently the effects of Tnf-a or Mx2 gene expression levels on PUUV load using generalized linear models. The full models included PUUV load as the dependent variable and Tnf-a (or Mx2) gene expression levels as explanatory variables. We took into account for the potential confounding influence of individual and environmental variables by including sexual maturity, sex and geographic area (northern 'massif des Ardennes' versus southern 'crêtes ardennaises') as potential explanatory factors. Owing to limited sample sizes (see Supplementary Table S1 ), we could not test the effect of population and of interactions between factors. Gene expression values (Qn) and PUUV load were log-transformed to normalize their distributions. For both generalized linear models, all possible models were considered in the MuMIn package developed in R.2.13.1 software (R Development Core Team, 2008) . We used the corrected Akaike Information Criterion (AICc) to select the most parsimonious model (Johnson and Omland, 2004) . Models with a dAICco2 with respect to the model with the lowest AICc were selected. The significance of explanatory variables was determined by deletion testing, with the significance of a term determined by the log-likelihood ratio method (McCullagh and Nelder, 1989) .
We next used a generalized linear model to analyze the impact of landscape on genetic immunoheterogeneity. The whole data set of 189 bank voles was included. We used the expression of Tnf-a or Mx2 as the dependent variables. We considered the potential effects of habitat fragmentation (continuous forest versus hedge network) and geographic area ('massif des Ardennes' versus 'crêtes ardennnaises') separately. The complete models also included sex, sexual maturity and all two-way interactions (model 1: Ln(Tnf-a or Mx2)Bhabitat *sex*sexual maturity and model 2: Ln(Tnf-a or Mx2)Bgeographic area*sex* sexual maturity). This made it possible to take into account potential interactions between reproductive status and immunity in both males and females. We applied the same model selection procedure as described above.
Finally, we investigated the potential immunomodulatory effect of H. mixtum infection on PUUV infection. We used the restricted data set for the northern 'massif des Ardennes' where we previously found a significant association between PUUV and H. mixtum (Ribas . Several studies on laboratory mice and wild rodents have shown that a phylogenetically closely related helminth species, Heligmosomoides polygyrus, may be immunosuppressive (Jackson et al., 2009; Maizels et al., 2012) . This suggested that infection with H. mixtum might modulate the immune responses of bank voles and change their susceptibility to PUUV. We performed an analysis of variance on immune gene expression levels between four groups of animals differing in infectious status: uninfected individuals, individuals infected with PUUV only, individuals infected with H. mixtum only and individuals co-infected with PUUV and H. mixtum. We performed a posteriori pairwise comparison analyses by the Tukey-Kramer method. All statistical analyses were performed with R.2.13.1 software (R Development Core Team, 2008) .
RESULTS
Immune gene expression and Puumala virus replication
We were able to estimate PUUV load for 29 of the 33 infected voles. The other four individuals were excluded from the analyses because PUUV load was too low to be estimated. This data set was used to analyze PUUV load variability.
The model selection procedure indicated that the best model explaining PUUV load variability included Tnf-a gene expression level (AICc ¼ 130.9, F 1, 27 ¼ 9.66, P ¼ 0.004, Figure 1a , Supplementary Table S2) or Mx2 gene expression level (AICc ¼ 132.9, F 1, 27 ¼ 7.21, P ¼ 0.012, Figure 1b, Supplementary Table S3 ). Tnf-a and Mx2 gene expression levels negatively affected PUUV load. None of the individual (sex, sexual maturity) or environmental (geographic area) factors significantly influenced PUUV loads.
Immune gene expression and landscape
Further analyses were performed on the whole data set (N ¼ 189). After selection procedure, the factors relative to landscape features were excluded and the best model included only the factor sex. Tnf-a gene was less expressed in males than in females (AICc ¼ 301.1, F 1, 188 ¼ 5.37, P ¼ 0.021, Figure 2 , Supplementary Table S4) .
Considering Mx2 gene, one sample could not be included in the analyses because of an unsuccessful estimation of its expression. At the end of the selection procedure, the best model included the factors habitat and sexual maturity (AICc ¼ 286.7, F 2,187 ¼ 12.77, Po0.001, Supplementary Table S5 ). Bank voles from forests had lower levels of Mx2 gene expression than voles living in fragmented hedge networks (F 1,188 ¼ 9.41, P ¼ 0.002, Figure 3a ). Sexually mature voles had higher levels of Mx2 gene expression than immature voles (F 1,154 ¼ 14.49, Po0.001, Figure 3b) .
Effect of H. mixtum infection on immune gene expression
Analyses were performed on the restricted data set of animals from the northern 'massif des Ardennes' (N ¼ 66) because we previously detected a significant association between H. mixtum and PUUV.
Analysis of variance showed a significant difference in Tnf-a gene expression levels between the four groups of animals defined on the basis of infection status (F 3, 63 ¼ 6.5, Po0.001). A posteriori pairwise comparisons showed that individuals infected with PUUV only had significantly higher levels of Tnf-a gene expression than uninfected individuals (P ¼ 0.018, Figure 4 ), individuals infected with H. mixtum only (P ¼ 0.011, Figure 4 ) and co-infected voles (P ¼ 0.001, Figure 4) . None of the other comparisons were significant (P40.05), but voles only infected with H. mixtum exhibited lower Tnf-a gene expression than uninfected voles or voles co-infected with H. mixtum and PUUV.
We found no significant difference in Mx2 gene expression between the animals of the four groups (F 3, 61 ¼ 6.5, P ¼ 0.10).
DISCUSSION
Association between the expression of Tnf-a or Mx2 and PUUV load in bank voles
This study showed, for the first time, that the expression of Tnf-a and Mx2 is associated with a lower PUUV load in wild bank voles, independently of some individual (sex, maturity) and geographic (North versus South of the area) factors. The expression of these genes was quantified in the spleen, a secondary lymphoid organ in which hantavirus replication rates are low (for example, Botten et al., 2000) and Tnf-a gene expression is not induced in response to hantavirus infection (Easterbrook and Klein, 2008; Guivier et al., 2010b; Schountz et al., 2012 , Spengler et al., 2013 . This probably reflects the presence of macrophages constitutively expressing the Tnfa gene (Hutchinson et al., 1998; Herbst et al., 2002) . Similarly, Stoltz et al. (2011) showed that PUUV did not induce an increase in Mx2 mRNA production in bank vole embryonic fibroblasts. The relation observed in this study therefore does not result from differences in the duration since infection between bank voles. It is also not indirectly mediated by differences in vole age, sex or populations. Besides, studies based on clinical cases or cell cultures have shown that the TNF-a and Mx2 proteins inhibit hantavirus replication (Kanerva et al., 1996; Khaiboullina et al., 2000; Jin et al., 2001 ). The strong negative effects of Tnf-a or Mx2 expression levels on PUUV load therefore indicate that these proinflammatory and antiviral pathways are important components of the constitutive vole response to PUUV infection.
The maintenance of some variability in the expression of these genes may at first appear strange, given the clear advantages of TNF-a and Mx2 in the response to PUUV and other infections. We proposed that the variability observed reflects the balance between the costs of these immune effectors (in terms of energy and/or immunopathological damages) and their benefits in term of PUUV elimination. We further explored several intrinsic and environmental factors that might contribute to the maintenance of this immunoheterogeneity. 
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Intrinsic factors shaping immunoheterogeneity
We found that males had significantly lower levels of Tnf-a expression than females. In addition, levels of Mx2 expression were significantly lower in sexually immature than in mature voles. These differences are consistent with the existence of intrinsic constraints modulating immune gene expression (Sheldon and Verhulst, 1996) . Sexual dimorphism in the immune response to hantaviruses has been reported before. During experimental infections with Seoul hantavirus in Norway rats (Rattus norvegicus), females have been shown to express Tnf-a and Mx more strongly than males (Klein et al., 2004) . This sexual dimorphism is mainly influenced by hormonal status and genetic trade-offs between testosterone production and immune functions (Klein, 2005) .
These results also give new insights into the epidemiology of PUUV infections in wild bank vole populations. Differences have commonly been observed in PUUV incidence, with males (Olsson et al., 2002; Deter et al., 2008a) and mature bank voles (for example, Escutenaire et al., 2002) more frequently infected than females and immature ones. Behavioral and physiological characteristics participate in shaping these differences. Protection of newborns by maternal antibodies and higher risk of exposure for sexually mature voles through fighting, mating or communal nesting (Escutenaire et al., 2002; Olsson et al., 2002) could mediate age-dependent prevalence. Our results suggest that individual variations of immune gene expression could reinforce these differences in the epidemiological roles of particular bank vole groups within natural populations. In particular, males, through higher capacities to replicate, excrete PUUV, and to perform long-distance dispersal (Kozakiewicz et al., 2007) , could have key roles in spreading PUUV within the landscape (Deter et al., 2008a; Voutilainen et al., 2012) . The lower expression of Mx2 gene detected in immature voles could also have important epidemiological consequences for PUUV transmission. In particular 
Environmental conditions and co-infection shaping immunoheterogeneity in the landscape
The levels of Tnf-a and Mx2 expression both varied with the landscape features through the effect of habitat fragmentation and with co-infection. The immune gene Mx2 was less strongly expressed in forests than in hedges. Abiotic and biotic factors may participate in modulating bank vole population immunoheterogeneity within this heterogeneous landscape. Variability in habitat patch quality may also contribute to the observed immunoheterogeneity. Low resource availability and stress because of competition or predation probably affect the ability of hosts to mount efficient immune responses (Beldomenico et al., 2008; Martin et al., 2008) . Hedges are thought to be lower quality habitats for bank voles than large continuous forests, particularly in terms of the presence of food-producing plants and trees (Heyman et al., 2009) . We therefore expected levels of Tnf-a and Mx2 gene expression to be lower in bank vole populations from the hedges or from the 'crêtes ardennaises' , which consist largely of hedge networks. However, the opposite pattern or an absence of relation were detected for Mx2 and Tnf-a gene. Similarly, Jackson et al. (2011) showed that wild field voles with a poorer body condition were characterized by a higher levels of proinflammatory cytokine expression. They suggested that other undetermined environmental drivers, pathogens or immunopathological conditions might account for this unexpected result. Variation in parasite communities is a component of habitat heterogeneity that might indirectly shape the spatial immunoheterogeneity described in this study. Within-host co-infections modulate immune responses through complex interactions between cytokines and between these molecules and other immune effectors that may lead to immunosuppression or cross-immunity (Graham et al., 2007) . The Mx2 protein has innate selective antiviral activity in the cytoplasm of host cells (for example, Stertz et al., 2007) , so the observed variation in Mx2 gene expression could result from differences in the community of viruses living in forests and hedges, which remain to be investigated. TNF-a is a nonspecific immune protein. It may therefore appear a challenge to detect the environmental factors, particularly associated with pathogen communities, influencing Tnf-a variation. However, a previous study showed that the structure of the gastrointestinal helminth community of bank voles displayed geographic differentiation between the 'massif des Ardennes' and the 'crêtes ardennaises' (Ribas . The distribution of helminth species may, therefore, at least partly underlie the variation of Tnf-a expression.
Immunopathological costs may also be involved in this spatial immunoheterogeneity. TNF-a and Mx2 are costly immune effectors inducing collateral damage when present at high concentration (Li and Youssoufian, 1997; Wenzel et al., 2005; Porter et al., 2006; Bradley, 2008) . Lower levels of expression of the genes encoding these molecules may therefore be considered to constitute a tolerance mechanism, an adaptive process limiting pathologies at the expense of pathogen growth or reproduction (Raberg et al., 2009) . The variability of immune gene expression may result at least in part from individual plastic responses to the various constraints encountered by bank voles (for example, sexual maturation, risks and costs of infection). Furthermore, both selection and neutral microevolutionary forces may trigger this variability. Indeed, some polymorphisms in the promoter of Tnf-a (Kroeger et al., 1997; Maes et al., 2006; Borges et al., 2010) , Mx2 (Tungtrakoolsub et al., 2008) genes or in interferonstimulated response element-like sequences (Asano et al., 2003) have been shown to influence the regulation of Tnf-a or Mx2 transcription. The maintenance and distribution of these polymorphisms may underlie the observed inter-individual variation in the expression of these two genes.
In fragmented landscapes, metapopulation dynamics is a main determinant of the spatiotemporal distribution of neutral and adaptive polymorphism. Guivier et al. (2011) recently highlighted the effect of landscape heterogeneity on bank vole metapopulation dynamics in this geographic area. They concluded that local adaptation was likely to evolve in large populations living in forests, which are characterized by weak genetic drift. By contrast, the strong genetic drift occurring in small, isolated populations living in hedge networks should impede the effects of selective processes acting on immune genes. The lower levels of expression of the Mx2 gene detected in the populations from large forests may be due to selective processes. Unlike hedges, forests seem to provide conditions favoring the persistence of PUUV outside its host . We can therefore hypothesize that these selective processes have led to the evolution of higher tolerance to PUUV in forests. Unfortunately, it was not possible, in this empirical study, to separate the relative contributions of genetics and environmental background to immune gene expression levels. Further investigations in controlled environments or involving reciprocal transfers between habitat patches are required to determine the relative importance of plasticity and selection in the expression of the Tnf-a and Mx2 genes, and their role in potential resistance/tolerance to PUUV.
Epidemiological consequences for PUUV infection
Finally, our results highlight the potential immunological interactions mediated by helminth-PUUV co-infections in the 'massif des Ardennes' . Voles co-infected with PUUV and H. mixtum had levels of Tnf-a expression similar to those of voles infected with neither PUUV nor H. mixtum. In addition, PUUV-infected voles displayed significantly higher levels of Tnf-a expression than co-infected and uninfected voles. This corroborates previous results which showed that bank voles co-infected with H. mixtum tended to exhibit higher PUUV loads than bank voles infected by PUUV 'only' (Ribas . Several helminth species are known to manipulate the host immune system directly, through derived products activating T-regulatory cells, which decrease the inflammatory response (Maizels et al., 2004) . In particular, Heligmosomoıdes polygyrus bakeri has been shown to induce a wide spectrum of immunomodulatory effects in the laboratory mouse and to affect the outcome of infection with several pathogens, including nematodes, trematodes, protozoa and bacteria (see a recent review by Maizels et al., 2012) . Jackson et al. (2009) even showed, in wild wood mice (Apodemus sylvaticus), that the Tnf-a response to TLR ligands was downregulated by natural infection with H. polygyrus. It has been suggested that H. mixtum may also be immunosuppressive. Consistent with this hypothesis, the pattern observed in this study suggests that H. mixtum infection could downregulate Tnf-a expression in bank voles, rendering PUUV replication faster and more efficient. This interaction may underlie the positive association previously observed between H. mixtum and PUUV (Ribas Salvador et al., 2011) . At a larger scale, it would be interesting to investigate the impact of the spatial distribution and temporal dynamics of H. mixtum (Haukisalmi and Henttonen, 1993) on the risk of PUUV infection in bank voles.
PERSPECTIVES
Landscape immunogenetics-the study of immune gene variability between landscapes and its causes-provides key information about parasite epidemiology and 'pathogenic landscapes' , as proposed by Lambin et al. (2010) . We identified several landscape features (habitat quality, metapopulation dynamics) and helminth co-infection that may participate in shaping immunoheterogeneity in wild host populations. More detailed investigations of the whole pathogen communities infecting these bank voles are now possible from the development of new generation sequencing technologies and metagenomic analyses. These approaches have yet allowed to describe microbial communities and to explore their interactions in different hosts' organs or environments (Nakamura et al. 2008; Carpi et al., 2011; Cheval et al., 2011) . In the future, the integration of such information in the analysis of PUUV epidemiology will provide a better understanding of the impacts of co-infection on the evolution of tolerance to PUUV in bank voles.
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